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3D reconnection
large quide field
Bz/BL ~ 10

2D reconnection No sheets or X points

where does reconnection occur?
Gekelman, Stenzel 1980%s

then MRX... others



Helium Plasma
n = 2X10!2 cm-3
Te - 5eV
T -1eV
Measure: Boz: =330 G

— —

B(F.t).V gy, (F.t),n(F.t),T,(F.t),E(F,t)

at 42,000 locations, 2.42 million shots

Making Ropes

The ropes are kink unstable



~~
<
~—"
p—

Discharge currents

Main discharge current

cathode biased to 120V for 2 ms
during the main discharge. After
300 ps (~37a), spontaneous
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Fast camera 1 ms exposure



Kink Dispersion relation

tan( Lk o ) = —2la

1 ( 0, \ B,
—+ k, =

\4 \\/szVA) RBOZ
4.7 < £ <7 kHz

Fobserved = 5.2 KHz



Phase Locking -"Conditional Trigger”
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ot = 0.66 us/frame






Q (squashing factor)
measures
the separation of initially
adjacent field lines
along the length of the
ropes

Reconnection occurs
somewhere in the QSL - where?



field line seperation o< \/é
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Kubo AC T'QSiS'l'iV“'y W = Zﬂlcrope
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reconnection rate

t =5.79 ms

j Eedl =—75V + 20%

all— fiellines

Phys. Rev Lett., 116, 235101 (2016)



Alfvenic Reconnection Rate

R =
L

g L =11 m
HVA

Bo =10 G ;: n = 4.0X102 cm-3 ; Va = 1.8X105 m/s

R = 0.1

W. Gekelman et al Phys. Rev. Letts, 116, 235101 (2016)



Two interacting flux ropes:

Twist and writhe about themselves , wrap around each other
Collide when they are kink unstable

Magnetic field line reconnection occurs at each collision
Ohms law for flux ropes is non-local

The resistivity can be deduced using the Kubo theory

Changes in flux rope helicity can also be used to derive (1)

Flux ropes are chaotic



Topological Approach
Calculate positions of many field lines vs time
Use field lines to calculate winding number

Correct winding number for boundary motion
and ideal flow

Calculate Helicity corrected for ideal flow

Use these to calculate “reconnective activity”



Magnetic Field Lines

t = 2.953 ms



Winding Angle

O(7.y,z) = arctan

r, position of test field line in plane z

r, position of all other field lines in plane z

y2 = Y position of test field line at r,

Y1 = X position of test field line at r,



Field lines used to
calculate

O(y.7.z)



field lines

on boundary




Winding Number

"Kink” frequency
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L is mean entanglement over all field lines
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Next correct for boundary motion

1) Take each field line used to calculate ® at t-dt

2) Assume filed lines are frozen and in time dt (here 300ns) move the fielc
lines such that:

7 etdiine(T) = Vigaine (T — dt) +udt 1 = 10n tlow

3) Recalculate ®

AL (%,Z,f,dl‘) =
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Field Line Boundary

Dlasma Flow Motion Due to Flow

Lboundry motion '|'€rm |S 1-2% OF I_ Clnd
IS ignored



Winding number density Lp

t =5.63 ms
X=0
y =1.6 cm

Winding number density Lp
I on two planes

-10cm <y, 10 cm

|

z =1.28m Z =7.68m



Helicity was shown to be the product of d®/dt and axial B feld

HZJA'B 217;,dZ H = ¢,

units:
Volts*time/Area

helicity is related to winding number™, L

AH (7,z,t) = 1 j BZ(?,t)%[@(?o,?,z,t)—(H)(?O,?,O,t)

27 Dy(t) ]

dA dA=d217y

*Prior and Yeates, ApJ (2014), Berger, Plasma. Phys. Control. Fusion (1999)



Helicity Density

+ = 5.513 ms T =5.612 ms
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Reconnective Activity

Winding number density

ALideal is change of L due to flow over time dt

/

R(7,.1)= L(’W)‘L(’?’f;:”)‘ALideaz(’W)AH

Units in Volts
helicity












flux rope



T (Amps/Tesla)

TW|S'|' area integrated twist density J T(x,y,z,1)dx,dy

areda

Amps/Tesla-m3

— —

T(F.0)= | JZ;—ZBd% |
(7)

all y\r

/

integration over all field lines 2=0

positive/negative twists separated



Twist

Amps/Tesla-m3

:
T(F= |
5 B

all y\r

d’r

/

integration over all field lines







Reconnective activity , Twist



The QSL and field lines are highly deformed when R is large



Ln (QSL) Reconnective Activity

/

y (cm)

X (cm)

t = 5.084 ms



Kubo Resitivity



1) Winding number is largest on both sides of the QSL

2) Reconnective Activity (RA) is large on the edges of the ropes

3) Reconnective activity can become large at the same axial location
that the Twist becomes small

4) When Reconnective Activity is large the QSL is highly deformed

5) This study has unveiled additional reconnection regions outside the
largest QSL a place that researchers would not traditionally look



Two interacting flux ropes:

Twist and writhe about themselves , wrap around each other
Collide when they are kink unstable

Magnetic field line reconnection occurs at each collision
Ohms law for flux ropes is non-local

The resistivity can be deduced using the Kubo theory

Changes in flux rope helicity can also be used to derive (1)

Flux ropes are chaotic





